Abstract Agricultural expansion and intensification is occurring in seasonally dry regions of Central America, while droughts are intensifying due to increasing water demand and climatic change. Empirical measurements of water consumption of major crops in this region are scarce but crucial to assess agricultural water use dynamics in the light of increasing regional water conflicts. We empirically quantify total crop water use (CWU) and water footprints (WFs) of rainfed upland rice (wet season) and groundwater-irrigated melons (dry season) grown sequentially as a double cropping system, one of the major cropping systems in the seasonally dry province of Guanacaste in northwestern Costa Rica. Data for this study cover 2 years and were measured with a state-of-the-art eddy covariance water and carbon flux station. Upland rice only consumed green water (CWU green = 383 L/m 2 ), while melons only consumed blue water (CWU blue = 177 L/m 2 ). Irrigation was found to be 1.5 times larger than the actual melon water consumption, with better irrigation efficiencies than reported for melon farms in Brazil but slightly inferior to farms in Spain. Melon WF blue was 79 m 3 /t, a much lower value than global and regional estimates reported but similar to values reported for melons produced in Brazil or Spain. Upland rice WF green (681 m 3 /t) was reported for the first time and was proven to be much lower than flood irrigated-rice WF blue-green . Our results demonstrated lower overall water demand for upland rice-melon double crop compared to the two other major monocultures of the region (flood-irrigated rice and irrigated sugar cane).
Introduction
The vast majority of human water use is for food production (Hoekstra & Mekonnen, 2012) , with agricultural water demand expected to grow due to the combined drivers of increasing global food demand and global climate change (Brauman et al., 2016; Haddeland et al., 2014; Rockström, 2003) . In Latin America and the Caribbean, agriculture is responsible for 68% of freshwater withdrawal and occupies 85% of the land area (Mekonnen et al., 2015) . In Central America specifically, agricultural water represents more than 75% of total water consumption (Brauman et al., 2016) . Tropical regions are anticipated to experience significant expansion and intensification of agricultural production in the following decades (Foley et al., 2011) . Within the global climate change context, drier conditions in this region could have a dramatic reduction on agricultural production (Parajuli et al., 2019) . It is therefore critical to identify and evaluate agricultural practices and cropping systems in the tropics that optimize water use efficiency.
Water footprint (WF) was proposed as an indicator to evaluate and compare the consumptive water use of a product (Hoekstra, 2003; Hoekstra & Chapagain, 2007) . In the case of crops, WF describes the total water volume used for the crop (i.e., crop evapotranspiration [ET] ) to produce 1 t of crop yield, which includes water from soil moisture derived from precipitation (i.e., green water) as well as water from irrigation (i.e., blue water; Hoekstra et al., 2011) . WF is an indicator of crop water use efficiency that can also be linked to an economic water productivity indicator (e.g., USD/m 3 water; Playán & Mateos, 2006) . Empirical measurements of actual crop ET are generally scarce and costly, so the Water Footprint Assessment Manual recommends the FAO56 Penman-Monteith method (Allen et al., 1998) to estimate ET during the entire crop-growing season via the CROPWAT 8.0 model (FAO, 2010) . Most available studies therefore use this approach to derive WF, and global and regional crop WF benchmarks have been published based on crop-coefficient-derived ET values (Mekonnen & Hoekstra, 2014) . This method allows estimating crop ET easily from potential ET rates derived from meteorological conditions and empirically derived crop coefficients (Kc) . Kc represents the capacity of the crop to transpire during the different stages of the growing season under ideal agricultural conditions. The crop-coefficient method allows considering some adaptation to non ideal growing conditions (Allen et al., 1998) . However, there are several factors contributing to errors associated with its estimates of crop ET as limitations associated with the common usage of globally averaged Kc values (without considering crop varieties), interpolated meteorological variables (when site-specific measurements are not available), and the common lack of site-specific soil variables.
Alternatively in more recent years, other approaches have been adopted to estimate WF based on residually derived crop ET from soil or watershed water balances (Luan et al., 2018; Wang et al., 2017; Zhuo et al., 2019) or estimated via surface energy balance models using remote sensing products (Madugundu et al., 2018; Romaguera et al., 2014) . The main challenges associated with these alternative approaches come from the difficulty of matching spatial and/or temporal resolution of crop ET estimates to the specific croplands and the uncertainties associated with their model inputs. A detailed review of methods to estimate crop water use (CWU) or crop ET can be found in Allen et al. (2011) . In some studies, crop ET has been assumed to be equal to applied irrigation volumes (de Figueirêdo et al., 2014; Luan et al., 2018; Sun et al., 2015) , which in turn impacts the reliability of WF estimates and results in disregarding of irrigation return flows, which are an important portion of the water cycle in agricultural settings. That is why empirical measurements of crop ET are key to providing realistic crop WFs that allow considering site-specific meteorological and water availability conditions and permit accounting for irrigation return flows. However, published studies using empirical measurements of crop ET (e.g., using the eddy covariance [EC] method and lysimeters) to quantify crop WF remain limited (e.g, Alberto et al., 2013; Atzori et al., 2019; Nana et al., 2014; Xinchun et al., 2018) , and they are mostly focused on cereal crops (especially paddy rice), which have received the majority of attention from the WF research community (Lovarelli et al., 2016) . Although the spatial resolution of these empirical measurements is often limited to a few hundred meters depending on the empirical instrument's footprint, they are essential for the development and validation of regional ET physical models based on remote sensing (Fisher et al., 2017) .
On its own, crop ET does not account for the total volume of water extracted from rivers, aquifers, or reservoirs for the production of an agricultural product. Water withdrawal for an irrigated agricultural product often exceeds crop water demand (CWD) as irrigation is usually applied at volumes larger than actual crop ET, and crop production can require water for further activities associated with production (e.g., soil preparation and washing and packing of the product). Therefore, additional indicators of total water withdrawal for crop production are necessary to have a complete picture of volumetric agricultural water demands. This is particularly important when crop production occurs under water scarcity conditions and the risk of overexploitation of water sources or social water conflicts is high (as in the study region; Kuzdas & Wiek, 2014) . To account for the total volume of water withdrawn for crop production, the concept of Crop Water Applied has been used to quantify the total extracted water for the different activities associated with crop production (García Morillo et al., 2015) . Other indicators can also be useful to assess crop irrigation efficiency. For example, the Relative Water Supply (RWS) is a valuable indicator to evaluate how irrigation supply compares with CWD (Levine, 1982; Rao, 1993) .
Empirical data on CWU, crop WFs, and irrigation efficiencies in agriculture are crucial to ensuring the resilience of agroecosystems to recurrent droughts that may become more frequent under climate change (Intergovernmental Panel on Climate Change, 2014). For example, the seasonally dry Guanacaste province in northwestern Costa Rica is an agriculturally important area of the country, with agriculture occupying 58% of the land surface. The region is exposed annually to a marked dry season (December-April), during which water supply is highly contested among the different productive sectors (Kuzdas et al., 2015) , followed by a wet season with high interannual rainfall variability (Steyn et al., 2016) . This typical dry season is frequently intensified by several climatic mechanisms, such as El Niño Steyn et al., 2016) , which, as observed during the recent El Niño 2014-2016 event, can result in regional drought and water-related conflicts (Kuzdas & Wiek, 2014; Vignola et al., 2018) . Moreover, current climate change projections predict a reduction in precipitation and intensification of drought in the region (Hidalgo et al., 2013) .
Major crops in Guanacaste include irrigated melons and rice grown under both flooded conditions and as rainfed nonpaddy "upland rice." Melons are generally produced during the dry season using drip irrigation and in rotation with upland rice (wet season) in double cropping systems (i.e., two crops cultivated in succession within a 12-month period). Little information is available about water use of melons and upland rice grown in double cropping systems in the region or elsewhere, despite upland rice representing about half of the total rice production area in Latin America (GRiSP, 2013) , and the increasing importance of melon production both regionally (Porras & Meza, 2007) and globally (FAO, 2018) .
Melons are a high-value crop (also known as cash crop) consumed worldwide and one of the most widely grown vegetable crops in warmer regions of the world (Paris et al., 2012) . Melons require high solar radiation conditions, nonexcessive air humidity, and controlled water supply through irrigation for ideal production, so it is generally produced under seasonally dry or semiarid conditions (de Figueirêdo et al., 2014) . Production of dry-season irrigated melons in Costa Rica, as a nontraditional crop produced mainly for export, started in the 1980s as an alternative to grain and extensive cattle production (Porras & Meza, 2007) . Production is concentrated in the provinces of Guanacaste and Puntarenas (Instituto Nacional de Estadística y Censos [INEC] , 2015), the two provinces on the Costa Rican Pacific coast that experience long dry seasons.
Upland rice, defined as "rice grown in rainfed, naturally well-drained soils without surface water accumulation, normally without phreatic water supply, and normally not bunded" (Gupta & O'Toole, 1986) occupies around 14 million ha worldwide and contributes 6% to the total global rice production (Steduto et al., 2012) . Due to its low contribution to global rice production, upland rice has received relatively little attention from the research community, despite its importance in developing countries (Ramirez-Villegas et al., 2018) . One advantage of upland rice is that it is a more diversified cropping system than flooded paddy rice as it is usually grown as a polyculture with other crops or in a rotation system (Arraudeau, 1995; Gupta & O'Toole, 1986) . Rice (including both irrigated/paddy rice and upland rice) is the second most widely planted crop in the province of Guanacaste after sugar cane (INEC, 2015) . Upland rice-melon as a double cropping system became common starting in 2002 when the price of rice started to rise, and melon producers began to combine the irrigated melon production during the dry season with upland rice production during the wet season (M. Vargas, personal communication, December 22, 2017; Trading Economics, 2018) . This rotation system is well adapted to the seasonally dry tropical climate of the region and diversifies farm revenues by varying production and product markets. Upland rice-melon as a double cropping system may have the potential for lower water consumption compared to other regional crops such as those irrigated year-round (as paddy rice) or crops with less efficient irrigation methods such as sugar cane (mainly furrow or sprinkler irrigation).
The overall goal of this research was to empirically quantify water consumption, WF (in terms of blue and green water), and irrigation volumes associated with upland rice and melon crops grown as a double cropping system in the Guanacaste province of Costa Rica. Based on those indicators, we then assessed agricultural water use dynamics associated with this cropping system within the regional context of recurrent seasonal droughts. Toward this goal, we deployed an EC flux tower on an upland rice-melon farm to 10.1029/2018WR023757
Water Resources Research empirically measure crop ET during a 2-year study period (two rotations of the double cropping system) including both drought conditions (2015) and average rainfall conditions (2016) . To the best of our knowledge, our indicators of crop water are the first ones published based on empirical EC measurements for upland rice and irrigated melon crops.
Materials and Methods

Study Site and Farming Practices
The study was conducted on a farm near the city of Nicoya in the province of Guanacaste, Costa Rica (10°4′ 58.31″N; 85°28′10.00″W, 159 m above sea level). The province of Guanacaste has a wet-dry (seasonally dry) tropical climate. Mean total annual rainfall in Nicoya is 2,130 mm (mean from 1980 to 2016; ranging from 1,310 to 3,230 mm; Hund et al., 2018) . Monthly values of meteorological variables for the two studied years can be found in the supporting information (Table S1 ). The farm is located at the watershed divide of the Potrero and Caimital watersheds, which both overlay the Potrero-Caimital aquifer (Figure 1) . Groundwater from the Potrero-Caimital aquifer is the primary water source during the dry season for rural villages in these two watersheds and surrounding towns . Melons (Cucumis melo L.) are grown in the region during the dry season under groundwater-based drip irrigation, followed by rainfed rice (Oryza sativa L.) during the wet season (double cropping system). The studied farm has a total commercial cropping area of 165 ha for melons and 190 ha for rice (some rice fields lay fallow during the dry season).
The melon seedlings are transplanted to the field following 10 days of germination and initial growth under greenhouse conditions. Spacing at the studied farm is 1.7 m between plant rows and 0.3 m between plants, with soil covered by plastic mulch. Daily drip microirrigation is used, composed of drip lines with a diameter of 16 mm, drippers spaced at 0.30 m, and a flow rate of 1 L/hr. Melon plants are not planted simultaneously through the entire farm, but planting is staggered from mid-December to early February (dates depending on the end of the previous rainy season) with plots of 4.95 ± 1.55 ha. The length of the growing season (lgs) of each plot is~75 days depending on year and meteorological conditions (Table 1) . Before 
10.1029/2018WR023757
Water Resources Research transplanting, the soil is treated at the studied farm with a pesticide (Guardian commercial brand, rate of application 300 L/ha). During this soil preparation, 5-6 hr of irrigation is applied 10 to 12 days prior to the start of the growing season. Post harvest, additional water is used for washing the melons for packing them in corrugated paper boxes and export. The melon harvest for the entire farm is generally completed by the end of April, and fields lay fallow until rice is planted.
Rice is established by dry seeding, generally in the first week of July (Table 1 ). The duration of the rice growing cycle is around 120 days, with harvest generally occurring from the end of October to mid-November depending on planting date (Table 1) . In this system, rainfed rice relies only on soil moisture derived from precipitation without supplemental irrigation. Rice yield is expressed as rough rice, which includes a hull (about 20% by weight) and the whole grain (Steduto et al., 2012) , while melon yield is expressed as fruit weight.
Monitoring Station
A monitoring station equipped with an EC system to measure water and carbon fluxes was installed in July of 2014 in the middle of the studied farm ( Figure 2 ). Data recorded from July 2014 to December 2016 were used in the present study. Therefore, annual totals will be presented only for 2015 and 2016. We selected the EC system for being a reliable state-of-art method to empirically measure water and carbon fluxes from an open cropland in an automated, continuous, and long-term way.
An EC system, including an open-path infrared gas analyzer (LI-COR Biosciences, Lincoln, NE, USA) and a sonic anemometer (Young 81000, Campbell Scientific, Logan, UT, USA), was installed at 2.3 m above the ground to measure water and carbon fluxes at a frequency of 20 Hz to generate 30 min average fluxes. Regular maintenance (i.e., sensors cleaning and data download) of the EC system was performed regularly (once a month or biweekly when possible), and calibration of the open-path EC system was performed twice a year. Dynamic daily canopy height during the crop growing seasons was modeled from measurements taken during regular maintenance visits and used for processing the raw EC data (details below). Based on modeled canopy height, wind speed, and sensor height, the analysis of the EC tower footprint based on Kljun et al. (2004) showed a main contribution area (peak area) for our measurements ranging from 20 to 100 m around the tower on the direction of the prevailing wind, which is northeast (NE) during both melon and rice seasons. Based on this footprint analysis, our crop ET measurements were coming from an upland rice homogeneous area located at the NE of the EC tower during the rice season and from two melon plots (97% and 84% of total daytime fluxes in 2015 and 2016, respectively) located at the NE (plot #18) and southeast (SE; plot #15) of the tower. Note that the tower was completely surrounded by melon crops in all directions.
Raw EC data records were processed with EddyPro software (versions 6.0.0 to 6.2.0, LI-COR Biosciences, Lincoln, NE, USA) using the "Express Mode," which includes corrections for axis rotation (double rotation method; Wilczak et al., 2001 ) and frequency response (Moncrieff et al., 1997) . Water and carbon fluxes at 30-min intervals derived using EddyPro went through a careful quality assurance/quality control procedure from which fluxes were removed when any of the following conditions occurred: periods of heavy rain, Water Resources Research dirty infrared analyzer (signal strength <60%), wind direction coming from noncrop areas (located 60 m away to the SE from the tower, less than 1% occurrence), or measurements flagged as low quality by the software (Mauder et al., 2008) or during low turbulence (u*) based on Papale et al. (2006) . This quality assurance/quality control procedure resulted in the exclusion of 38% of the annual 30-min water flux measurements for the 2015-2016 study period. Subsequently, the resulting gaps in water (and carbon) 30-min fluxes were gap-filled using the ReddyProc web online tool by the Max Planck Institute for Biogeochemistry (www.bgc-jena.mpg.de/REddyProc). Energy closure of the 30-min filtered (but non-gapfilled) EC fluxes was 75% for the study period, which is within the average energy closure reported by the Fluxnet net community (Wilson et al., 2001) . Energy closure was not forced, and 30-min values of cropland ET in millimeters were obtained from filtered and gap-filled 30-min values of EC-derived latent heat flux (W/m 2 ) assuming a constant value of latent heat for vaporization (2,450 J/g). Complementary micrometeorological data including precipitation (P), air temperature, relative humidity, wind speed and direction, and air pressure were measured every minute and averaged over the same 30-min period than EC measurements using a Vaisala WXT520 weather transmitter (Vaisala Inc. Helsinki, Finland) installed at 1.8-m height next to the EC tower; data were recorded on a CR1000 data logger (Campbell Scientific, Logan, UT, USA). Sporadic data gaps of P resulting from sensor malfunction during the study period (12% of 30-min observations over the 2015-2016 period) were gap-filled using precipitation measured on a Davis-Weatherlink station (Vantage Pro 2 model, Davis, CA, USA) owned by the farm and located over close-cropped grass 600 m away from the EC system. There was a strong relationship for daily rainfall amounts measured by both system for days with complete precipitation data (R 2 = 0.88 for 2015 and R 2 = 0.94 for 2016). Additional information on the flux tower site can be found in the AmeriFlux website (site CR-Nmr): http://ameriflux.lbl.gov/sites/siteinfo/CR-Nmr.
Actual Crop Water Use Indicators
Crop Water Use (CWU) represents the total volume of water used by the crop (i.e., crop ET) during the entire growing season, and when it is expressed by ton of crop yield, it is known as crop WF .
There are three components that can be distinguished into CWU and WF: the blue water, or volume of water from irrigation consumed by the crop; the green water, or the volume of water from precipitation stored in the soil consumed by the crop; and the grey water, which is the volume of water that is required to assimilate pollutants used in agricultural practices that reach surface water systems to existing ambient water quality standards. Due to the difficulty of defining "existing ambient water quality standards" for the region, the lack of data about chemical applications and their transport to water bodies, the grey water component was not included in this study. Even though we recognize that gray water might play an important role in the water quality dynamics of the region, it does not affect the volumetric water consumption/withdrawal of the crop from hydrological sources. Thus, in this study we will define the total volume of water used by the crop, or CWU, as follows:
where the equations to estimate CWU blue and CWU green are
where CWU are expressed in units of volume per area (L/m 2 ), the summation is from day 1 to the the length of the growing season (lgs) in days, and ET blue and ET green are the crop ET from irrigation and precipitation, respectively, in mm/day (equivalent to 1 L·m −2 ·day −1 ). Equations (2) and (3) do not account for the water accumulated into the harvested crop, which is generally only 0.1% to 1% of the total ET and therefore is often neglected. In the case of melons, ET measurements are from an area including both plant rows and bare soil surfaces between rows. Soil water measurements at 5 cm measured in 2015 before transplanting of melon seedlings indicated very dry soils, with volumetric water contents (<16%) that were lower than reported wilting point values for the studied farm (21%; Garcia-Serrano, 2015) . Hence, we assume that green water stocks were very low prior to irrigation application during the transplanting season and that melon crops only used irrigation water during its entire growing season (i.e., melon CWU green = 0).
By normalizing the two components of CWU per ton of production or yield (Y) we obtain the crop WF (see equation (4)).
WF (or any of its components WF green and WF blue ) is expressed as cubic meter of water per ton of production (m 3 /t) and allows comparing the amount of water used to produce an agricultural product in different geographical areas, based on the same unit of production. 
Crop Irrigation Indicators
We used additional indicators to quantify and evaluate water extraction or withdrawal for crop production and irrigation efficiency for the irrigated melon crops. The total volume of water used for crop irrigation during the growing season (WA irri ) can be higher than total crop consumption (ET) as irrigation can also be applied to reduce crop stress during particular periods, add fertilizers, or remove excess of salts from the soil. In those cases, only a portion of WA irri is consumed by the crop, which is represented as CWU blue . We also accounted for additional volumes of water used during the crop production process, such as pesticide treatment for soil preparation before planting (WA soil ) and postharvest water use for cleaning and packing of melons and rice for commercialization (WA pack ). We used the concept of Blue Water Applied (WA blue ; García Morillo et al., 2015) as the total volume of water extracted (from the aquifer in this case) for melon production expressed as follows:
where WA blue is expressed in L/m 2 and WA i represents the volume of water used for the variety of water agricultural practices for each crop excluding irrigation (i.e., WA pack and WA soil in the case of the studied crops). Farm water management information was used to estimate WA irri , WA soil , and WA pack . WA irri was estimated based on daily reported irrigation hours per melon plot and known irrigation application rates (L/hr) of the studied farm irrigation system. WA soil was similarly estimated based on 5.5 hr of irrigation for fumigant application reported by the farmer, and WA pack was estimated based on the following data reported by the farmer: volume of the melon's washing sink, times the melon's washing sink is refilled per day (2 times/day), and the average length of the melon harvest season (7 weeks).
We also reported the melon's WF based on the total volume of water withdrawal for its production instead of CWU (equation (7)) for which we use the acronym WF withdrawal . WF withdrawal represents the amount of water withdrawal to produce 1 t of production. This indicator can be used to compare our estimates with estimates of melon WF made based on the assumption that CWU = WA irri (de Figueirêdo et al., 2014; Sun et al., 2015) .
We also estimated the economic water productivity of total water withdrawal associated with the melon crop (EWPwithdrawal, USD/m 3 ) as an indicator of the revenue associated with each cubic meter of withdrawn water for the melon crop production (equation (8)). We believe this indicator, and its comparison with EWP, is relevant to make visible the impact of inefficient irrigation strategies on water economic returns.
Another important indicator of crop irrigation efficiency assessment is the ratio between crop water supply (irrigation and precipitation) and CWD. We used the concept of relative water supply (RWS) (Sakthivadivel et al., 1993) as an indicator of how well irrigation practices meet the actual CWD (Eq. (9)).
where WA irri has been previously defined and P e is the effective precipitation (amount of precipitation that is actually added and stored in the soil) during the growing season. Since total melon irrigation volume was considerably larger than melon total ET at the studied farm, we assumed in this study that CWD = CWU to estimate RWS. Considering that precipitation during the melon growing seasons was almost negligible (Table 2) , we disregarded the differences between effective precipitation and measured precipitation and assumed melon season P e = P to estimate RWS. RWS values larger than 1 can be considered a sign of excessive irrigation that would result in return water flows to water sources (aquifer in the case of this study due to the lack of surface runoff observed during the melon season at the studied farm). RWS values larger than 1 are also necessary to avoid potential soil salinization in some cases and to overcome inefficiencies of the irrigation system (Sakthivadivel et al., 1993) .
Results and Discussion
Water Footprints and Water Productivity
Based on empirical measurements of crop ET from our EC instrumented monitoring station, we were able to quantify total water consumption (CWU) of melons and upland rice commercially produced in the province of Guanacaste in terms of blue and green water for a dry year (2015) and an average-rain year (2016; Table 2 ). To our knowledge, empirical measurements of crop ET from these two crops produced under business-asusual (nonexperimental) management practices have not been published before. Therefore, our empirical values of CWU and WF can fill this knowledge gap and offer a first empirical estimate that allows comparison and assessment of model-based benchmarks for melons and upland rice grown under similar crop management practices and seasonally dry tropical conditions.
Melon crops only consumed "blue" water from groundwater-based drip irrigation (melon CWU = CWU blue ), as they are grown during the dry season when precipitation is almost 0 (Table 2) . Note. Crop water use (CWU) and water footprint (WF) are presented for each crop in terms of volumetric blue (irrigation) and green (precipitation) water consumed by the crops. Total blue water associated with the production of melons (WA blue ) is broken down into the three major water uses associated with melon crops: irrigation (WA irri ), soil preparation (WA soil ), and postharvesting washing for melon packing (WA pack ). Economic water productivity is presented in terms of actual crop water consumption (EWP) and total water withdrawal (EWP withdrowal ); see equations (5) and (8). The ratio of water supply to demand or Relative Water Supply (RWS) was estimated using equation (9). ET = evapotranspiration; N/A = not applicable.
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Indeed, according to farmers, melon seedlings cannot be transplanted to the crop field until the soil is dry enough to be able to perform tractor plowing for melon crop preparation (around 1 month after the end of the previous rainy season). These conditions correspond with values of soil water content at root depth (0-20 cm) below wilting point levels according to our measurements (see section 2.3). In contrast, water consumption of upland rice was entirely rainfed (rice CWU = CWU green ), as rice is sowed on the crop fields once the rainy season has started and is grown during the wet season without supplemental irrigation. The total water consumption associated with melons (CWU blue = 177 L/m 2 on average) was about half of the total water consumed by the upland rice crop (CWU green = 383 L/m 2 on average) for both studied years ( Figure 3a) . However, as melons rely entirely on blue water, their water consumption represents water competition for other sectors and ecosystems that also rely on groundwater during the dry season.
Measured mean daily ET rates of the studied melon crop (2.4 mm/day) were in agreement with previous values reported for melons growing under dry-climate irrigated experimental conditions with plastic mulched soils (2.1 mm/day; Teófilo et al., 2012) , as well as for melons produced under experimental greenhouse conditions in Brazil (2.2 to 3.1 mm/day; Lozano et al., 2017; Monteiro et al., 2013) . Reported values of common daily ET rates for irrigated paddy rice fields under tropical wet season conditions (4-5 mm/day; Steduto et al., 2012 ) also matched our measurements of upland rice maximum daily ET rates (~5.5 mm/day), which were measured following heavy rain events resulted in high soil moisture (near saturation) and water ponding on the clayey soil. This comparison supports the consistency of our measurements.
Our results showed that the drip-irrigated melon crop consumed considerably less water than did upland rice, which is striking since melons are produced during the dry season when the atmospheric water demand is maximum. This can be attributed to the lower vegetation fraction cover (leaf area index) for melons compared with rice (see Figure 2 ), but also to the benefits of drip irrigation and soil mulching of melons, which together minimize soil evaporation losses. Irrigated paddy rice is also grown during the dry season in the studied region (Guanacaste), as in many other seasonally dry tropical areas (Borrell et al., 1997; Ramirez-Villegas et al., 2018) . Under tropical dry-season conditions, daily ET rates from irrigated paddy rice fields have been reported around 6-7 mm/day (Steduto et al., 2012) . This is 3 times higher than our measured daily ET from dry-season irrigated melons. Empirical values of CWU (or crop total ET) for irrigated paddy rice grown in East China under hot summer rainy-season conditions with supplemental irrigation have been reported as 667.1 L/m 2 (Xinchun et al., 2018) , derived from combined green and blue water sources. This is 1.7 times higher than the water consumption we found for upland rice grown under similar hot wet-season conditions (i.e., green water only) and~3.7 times higher than the current water consumption of irrigated melons alternatively grown under hot dry conditions (much higher evaporative demand) in the study region as part of the melon-rice double cropping system. Based on this comparison, we emphasize the (2011) assigned most of melons' water consumption to green water, when melons are generally produced under irrigated conditions in seasonally dry or semiarid conditions (Castellanos et al., 2016; de Figueirêdo et al., 2014; Sun et al., 2015; Wang et al., 2017) . In comparison with melons produced in other semiarid or seasonally dry regions of the world, Guanacaste melons showed a much lower WF than did melons produced in western Inner China (WF green WF green = 581 m 3 /t and WF blue = 454 m 3 /t) much higher than our estimates for upland rice (Table 2) were reported by Xinchun et al. (2018) for paddy rice produced in eastern China. Indeed, the WF of Guanacaste upland rice in the present study is equivalent to approximately the 13th percentile of global rice WF (Mekonnen & Hoekstra, 2014) . This is likely due to the larger water consumption of rice under paddy conditions (in comparison with only rainfed upland rice) assumed by Mekonnen and Hoekstra (2014) when estimating global rice WF. Paddy rice is produced using a combination of blue and green water, while upland rice utilizes solely green water. Evaporation (i.e., nonproductive water loss) from flooded paddy fields in Guanacaste likely contributes to a considerably larger water consumption than does soil evaporation from upland rice fields, especially in a tropical climate and during initial crop stages. Evaporation for paddy rice fields has been reported to reach values of 80% of total ET at the beginning of the growing season when vegetation fraction cover is low and the flooded paddy fields are exposed to the atmospheric water demand (Wei et al., 2015) . In contrast, maximum values of soil evaporation reported for rainfed rice fields are only 30% of total ET (Kar & Kumar, 2016) as the soil surface is not continuously flooded and subjected to maximum evaporation rates. Indeed, extreme water stress conditions, defined as the ratio of total annual freshwater withdrawals to hydrological availability, were reported during the dry season in central Thailand because of the large areas cultivating double cropping rice (two consecutive rice crops planted during wet and dry seasons each; Gheewala et al., 2018) . These facts show the benefit of growing upland rice (as an alternative to irrigated paddy rice) in seasonally dry regions where it can be alternated within a crop rotation with a less water-consuming crop such as melons in Guanacaste.
When assessing CWU dynamics, it is also important to consider the economic dimensions that can influence farmer decisions regarding water use. Our analysis showed that although the production of rice consumed more water than did melons, the EWP of upland rice (EWP = 0.76 USD/m 3 on average for 2015 and 2016) was considerably higher than that for melons (EWP = 0.45 USD/m 3 on average for both years), based on current crop prices paid to farmers. This explains the increasing popularity of the upland rice-melon double cropping system among melon farmers in Guanacaste over the last decades. The higher EWP for rice than for melons also revealed that more substantial revenues were obtained from green-water-sustained
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Water Resources Research crops (here as upland rice), which represent a more sustainable water practice in the seasonally dry tropics compared with blue-water-sustained crops (here as irrigated melons). This could be further enhanced by reducing nonproductive evaporation water loss through, for instance, soil management (Falkenmark & Rockström, 2006) and highlights the opportunities of increasing productivity of rainfed crops in the tropics to meet increasing global water demand (Anderson et al., 2016; Falkenmark & Rockström, 2006) .
Water Withdrawal and Irrigation Efficiency
Total water withdrawal for the melon crop (WA blue ) was 281 L/m 2 , with extracted water utilized primarily for irrigation (WA irri = 95% of WA blue ), with the remainder used in soil preparation (WA soil = 4% of WA blue ) and postharvest washing (WA pack = 0.5% of WA blue ; Table 2 ). Low percentage values of total water withdrawal for WA soil (0.1%) and WA pack (0.1%) components were also reported by de Figueirêdo et al. (2014) for melons produced in a semiarid region of Brazil where WA irri = 99%. This shows that main efforts need to be directed toward accurate estimates of water extractions for irrigation when accounting for total agricultural water withdrawal, although the comparison also shows potential regional differences in the amount of water used for soil preparation and packing associated with melon crops. Our values of WA blue can be used as a realistic benchmark of actual water withdrawal associated with the current business-as-usual production of melons in Guanacaste. This indicator can inform estimates of water allowance for melon croplands in the region. This is key for achieving a realistic regional water management plan given that 97% of the almost 6,000 ha under melon cultivation in the country are located in the seasonally dry provinces of Guanacaste (4,415 ha) and Puntarenas (1,331 ha; INEC, 2015).
Accounting for total withdrawn water to assess WF withdrawal allows us to quantify, more realistically, the link between irrigated agricultural production and its impact on water sources (e.g., aquifers, rivers, or reservoirs). Our results demonstrated that the production of each ton of melons resulted in the extraction of 130 and 123 m 3 of water from the local aquifer in 2015 and 2016, respectively (see WF withdrawal in Table 2 ). Interannual differences resulted from the higher crop yield in 2016 (Table 2 ). These WF withdrawal values are considerably lower than the values reported by de Figueirêdo et al. (2014) for melon-producer farms located on the semiarid Low Jaguaribe and Açuthe region, the main melon-producer region in Brazil (198 m 3 /t) where mismanagement of irrigation (overirrigation) was highlighted as a result of their study.
Total irrigation of melons was 1.5 times larger than the actual water used by the crop (RWS = 1.53 on average for the two studied years). This showed that current irrigation practices are meeting the melon crop water requirements but also an excess of irrigation that can result in return flows to the aquifer (no surface runoff has been observed at the farm during irrigation periods). Signs of excessive irrigation have to be carefully considered in the case of melon crops not only to minimize unnecessary water withdrawal from water sources, which are often already vulnerable in many semiarid or seasonally dry regions where melons are produced, but also because excessive overirrigation of melon crops can result in a decrease of crop yield as shown by some studies (de Figueirêdo et al., 2014; Zeng et al., 2009) . Larger irrigation inefficiencies than ours were detected for melons produced in Brazil (RWS values between 1.57 and 1.78), based on irrigation volumes reported by farmers and additional data from de Figueirêdo et al. (2014) . However, better irrigation efficiencies (RWS values ranging from 1.27 to 1.37) were derived for melon farms in central Spain using empirical values of WA irri and P e and estimates of CWD reported by Castellanos et al. (2016) . More efficient irrigation (RWS ≈ 1.1) has been reported for other high-value irrigated crops such as strawberries in Spain (García Morillo et al., 2015) , but overall, it seems that melons in Guanacaste, as in other main producer regions (Brazil and Spain), are produced under more efficient irrigation practices (RWS < 2) than are noncash crops (i.e., maize, sugarcane, and wheat) for which RWS values larger than 4 have been reported (Sakthivadivel et al., 1993; Sun et al., 2015) .
Also as a consequence of differences between WA irri and CWU, the EWP based on water withdrawal associated with melon production (EWP withdrawal = 0.28 USD/m 3 ) was reduced by 62% in comparison with the water productivity based on actual crop water consumption (EWP = 0.45 USD/m 3 ) for the studied melon farm (Table 2) . This difference informs about the effect that irrigation management can have on the costs associated with crop production. Excessive irrigation increases production costs for farmers due to the electrical cost required for pumping additional water or investment needed for drilling new deeper wells 10.1029/2018WR023757
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if water extractions are not properly managed or if water scarcity exacerbates. This aspect would also be especially relevant for farmers in the region if the price of the extracted water increases, for instance, as a result of stronger water regulations as part of future regional drought-adaptation strategies.
Water Use Dynamics of the Upland Rice-Melon Double Cropping System in the Context of Regional Water Scarcity
Water is a contested resource in the seasonally dry tropics of Costa Rica (Esquivel-Hernández et al., 2018; Kuzdas et al., 2015) , and water conflicts often emerge between different sectors, in particular between domestic and agricultural water users Vignola et al., 2018) . Agricultural irrigation is entirely based on groundwater in the study watersheds, while most local communities from the region also depend on groundwater as their primary water source during the dry season .
In our study, we were able to capture crop water use dynamics under two different hydrological scenarios, a low precipitation year (2015, P = 1,953 mm) as a result of the El Niño 2014-2015 in the dry corridor of Costa Rica Vignola et al., 2018) and an average precipitation year (2016, P = 2,295 mm). Our measurements showed that despite these differences in annual precipitation, cropland water consumption (ET) remained similar for both years (Figure 4) . Total annual ET rates from the studied cropland were relatively high, accounting for about 46% and 43% of total annual precipitation for 2015 and 2016, respectively, while the remainder of precipitation contributed to streamflow, groundwater recharge to the Potrero-Caimital aquifer, ranching, forests, and domestic water extraction in these watersheds (Hund, 2018) . The stability of agricultural water consumption is explained by two factors: (i) almost constant dry-season agricultural irrigation schemes designed to ensure crop's water needs are met (quite stable in seasonally dry tropical regions) without considering the replenishment of water sources based on rainfall amounts of the previous wet season and (ii) quite stable rainfed-crop's water demands during wet season as they are mostly limited by radiation instead of water availability during tropical wet season conditions.
Our results showed that dry-season crop water consumption (178 and 176 L/m 2 ) and water withdrawal from groundwater sources for irrigation of melons (281 L/m 2 ) remained constant for the two studied years (Figure 5a ), despite differences of dry-season groundwater availability captured by water table depth measurements from a household well located in 100-m distance from the farm (Figure 5b) . Certainly, many community wells ran dry, and drought emergencies were declared across the dry corridor of Central 
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America as a result of this 2015-2016 El Niño event (Vignola et al., 2018) . This observed disconnection between dry-season irrigation practices and water sources status poses a risk of seasonal water depletion resulting in social conflicts like the aforementioned ones. However, no long-term water depletion was observed in the studied aquifer (Potrero-Caimital) based on hydrological modeling of the studied watersheds for the period 2005 (Hund, 2018 . Indeed, extraction of groundwater for agricultural irrigation of melons in the study watersheds, where upland rice-melon double cropping system is the main agriculture system, accounted for only 28% of total water withdrawal from the aquifer during the very dry season of 2016 (Hund, 2018) . This is a much lower percentage than the one reported for the whole country (73%) based on estimated legal withdrawals in 2014-2015 (Esquivel-Hernández et al., 2018). 
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Our measurements showed that annual water consumption as measured for the upland rice-melon double cropping system (900 and 989 mm/year for 2015 and 2016, respectively) was considerably lower than that for other major regional crops such as furrow irrigated sugar cane (1,455 mm/year based on empirical data from an additional EC station in the region; data not shown) or double flooded irrigated rice (previously discussed). This indicates the advantages of upland rice-melon double cropping systems compared with other regional crop system alternatives of the region in the context of seasonal water security. The fact that cropland annual water consumption was less than 50% of annual precipitation and the intensity of rain during the wet season (Figure 5c ) also highlights the potential of rainwater harvesting during the wet season in upland rice-melon double cropping farms as an alternative to reduce groundwater withdrawal for dry-season melon irrigation crop. This is one of the adaptation strategies to water scarcity in agriculture reviewed by Parajuli et al. (2019) that could support production in this intensively managed agricultural systems if water extraction from groundwater sources becomes compromised or restricted in Guanacaste.
Conclusions
We empirically determined the total water use (L/m 2 ) and WFs water footprints (m −3 /t) associated with commercially produced rainfed upland rice and irrigated melon crops using measurements of crop ET from a state-of-the-art EC system installed in a double cropping system farm in Guanacaste, Costa Rica. This allowed us to provide region-specific indicators of CWU that are much needed to support regional water management plans and that can be used to assess the reliability of previously suggested regional benchmarks based on model estimates of crop ET. Our results offer a realistic assessment of water use dynamics and irrigation efficiencies for business-as-usual upland rice and melon crops grown under seasonally dry tropical conditions. WFs of melons produced in Guanacaste consuming only blue water were found to be much lower than global and regional modeled estimates reported in the literature ) but similar to values reported for melons produced in other important semiarid producer regions as Brazil or Spain (Castellanos et al., 2016; de Figueirêdo et al., 2014) . To the best of our knowledge, we present the first empirical estimates of WF for rainfed upland rice consuming only green water, which is proven to be much lower than WF of irrigated paddy rice as expected Mekonnen & Hoekstra, 2014) . We illustrate the benefits of growing upland rice (instead of irrigated paddy rice) in seasonally dry tropical regions under a rotation system with a less water-consuming crop (i.e., melon) to reduce dry-season agricultural water demand.
Annual water requirements of the upland rice-melon double cropping system (ET) were found to be considerably lower (~45%) than annual water renewal (precipitation), and our results showed the much lower annual water requirements of this cropping system in comparison with other major crops grown in the region (e.g., double cropping flood-irrigated rice and sugar cane). Melons' irrigation was shown to be 95% of water withdrawal associated with this cropping system, with irrigation for soil preparation (pesticide application) and washing of melons accounting for only 4% and 0.5% of total water withdrawal, respectively. Irrigation was found to be 1.5 times larger than the actual melon water consumption, and signs of seasonal aquifer water depletion were found, although long-term aquifer depletion has not been observed in the aquifer (Hund, 2018) . Irrigation efficiency for the studied melon crop was found to be better than that in melon farms in Brazil but slightly inferior for melon farms in central Spain. Economic green-water productivity associated with rainfed upland rice was found to be higher (0.76 USD/m 3 ) than the economic bluewater productivity associated with irrigated melons (0.45 or 0.28 USD/m 3 depending on whether only water used by melon crop or total water withdrawal associated with the crop is considered to estimate melons' water productivity, respectively), which highlights the opportunities of increasing productivity of rainfed crops in the tropics. Overall, the upland rice and melon double cropping system appears to be a competitive option for the Central American wet-dry tropics in terms of water use.
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